Abstract-This paper proposes an improved vector space decomposition current control scheme for dual three-phase permanent magnet (PM) synchronous motors having two sets of three-phase windings spatially shifted by 30°electrical degrees. A proportional-integral (PI) and resonant (second) controller is developed for eliminating the current unbalance in αβ subplane, which is effective irrespective of the degree of current unbalance, while PI plus multifrequency resonant (second and sixth) control is employed to eliminate the current unbalance, fifth and seventh current harmonics in z 1 z 2 subplane. Compared with existing methods only accounting for current unbalance in z 1 z 2 subplane, the proposed method has considered the current unbalances in both z 1 z 2 and αβ subplanes and can eliminate them simultaneously at the steady-state of operation. Consequently, the full compensation of current unbalance can be achieved, by which both the current unbalance between two sets and current unbalance between phase windings in each set are eliminated. Meanwhile, the fifth and seventh current harmonics caused by nonsinusoidal back electromotive force and inverter nonlinearity can also be fully compensated. The effectiveness of proposed method is verified by a set of comparative experiments on a prototype dual three-phase PM machine system. It shows that fully balanced currents without the fifth and seventh current harmonics at the steady state of operation can be achieved.
. Dual three-phase system [9] .
as shown in Fig. 1 , one set being designated as ABC, the other set as XYZ shifted by 30°electrical degrees. Because of the configuration of induction motor having two sets of balanced windings, with phase shift of 30°electrical degrees, sixth harmonic torque pulsations produced by two sets of windings, respectively, are antiphase and therefore can be completely eliminated [2] .
Nowadays, numerous control strategies such as direct torque control (DTC), predictive control and vector control have been developed for dual three-phase driver system. The DTC has the advantages of low machine parameter dependence and fast dynamic torque response and its application in drive control of dual three-phase induction motor was discussed in [41] . To obtain equivalent dynamic torque response as DTC, a preferred alternative is the predictive control, which has been applied in dual three-phase drives in recent research [42] [43] [44] [45] [46] . However, its applicability is hindered because of high cost in computation, whereas the vector control is popular by its simplicity.
The conventional vector space decomposition (VSD) control for dual three-phase induction motor was introduced in [10] . According to matrix transformation, the fundamental and harmonics in voltage, current, and flux vectors were projected to three subplanes viz., αβ, z 1 z 2 , o 1 o 2 , which were orthogonal to each other. Therefore, the induction motor could be controlled separately in these subplanes with full decomposition. However, the impedance in z 1 z 2 subplane, related with the leakage inductance and phase winding resistance [10] [11] [12] , is very small. Consequently, even if there are only small fifth and seventh voltage harmonics in z 1 z 2 subplane, the resulting fifth and seventh current harmonics will be very large. Although they are not related to the electromechanical energy conversion [10] , it will affect the total harmonic distortion (THD) and efficiency. To suppress the fifth and seventh voltage harmonics, several PWM strategies [10] , [13] [14] [15] [16] 2168-6777 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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were introduced to synthesize the voltage command in αβ subplane and maintain zero voltage in z 1 z 2 subplane during each PWM period. However, there are still abundant fifth and seventh current harmonics due to the inverter nonlinearity [17] . The conventional VSD current control scheme for dual three-phase motor has only two current regulators [10] . The voltage references in αβ subplane were regulated by PI controller while the voltage references in z 1 z 2 subplane were assigned to zero with the assumption that the system is symmetric. In this case, the currents in z 1 z 2 subplane were not controlled by a closed loop. Since there are inevitable asymmetries in reality, there will be fundamental currents in z 1 z 2 subplane [18] . This will cause current unbalance, that is, the currents of phase ABC and phase XYZ are unbalanced-not only the current amplitudes of two sets are not equal, but also the phase displacement will not be exactly 30°electrical degrees [18] . To achieve balanced currents, current control schemes with current unbalance compensation are needed in real applications.
In fact, the conventional VSD current control is not sufficient for regulating all the current components (currents in αβ and z 1 z 2 subplane). To control the current of dual three-phase machine effectively, four current regulators at a minimum are needed in reality [19] , which can be mainly categorized into two types.
The first type is the double synchronous reference frames current control, which controls the two sets of windings separately, as presented in [3] and [20] for induction motors and in [4] and [21] for permanent magnet (PM) motors. The two individual current controllers in the double synchronous reference frames share the same current reference from a speed controller. Although this method can provide excellent performance for current unbalance compensation between two sets, it cannot compensate the current unbalance between phase windings in each set. Meanwhile, there are mutual coupling voltages between two sets of three-phase windings, which are hard to compensate completely, and hence, its dynamic torque performance may be affected. To eliminate the effect of mutual coupling between two sets of windings, an additional matrix was introduced in [22] . The original double synchronous frames were converted to new double synchronous frames without mutual coupling between two frames. Consequently, this improved double synchronous frames model is actually equivalent to the VSD model with full decomposition. It could produce good dynamic torque performance and exhibit the capability of compensating the current unbalance [23] . However, only PI control was employed for current unbalance compensation, which was incapable to eliminate the current unbalance caused by different type of asymmetries due to limited bandwidth [17] . Meanwhile, the fifth and seventh current harmonics were only suppressed to some extent due to the limited bandwidth of PI control.
The second type is the VSD current control with unbalance compensation. The method presented in [24] was based on the conventional VSD current control [10] , of which two additional PI regulators are used for current unbalance compensation. This method could provide excellent dynamic torque performance without the influence of coupling voltages between two sets. However, the current unbalance was compensated by forcing the d − q axis currents of the second set to follow those of the first set, the control performance may deteriorate if the current of the first set is distorted.
The current unbalance can also be compensated by minimizing the currents in z 1 z 2 subplane to be zero. In [25] , currents in z 1 z 2 subplane were controlled by a proportional-resonant (PR) current controller to eliminate the fundamental current in z 1 z 2 subplane [18] , by which the current unbalance between two sets could be consequently eliminated. However, the current unbalance between phase windings in each set as well as the fifth, seventh current harmonics were not considered.
In [17] , the fifth and seventh current harmonics caused by the inverter nonlinearity were compensated for a dual threephase induction machine drive system. Meanwhile, a generic modeling of asymmetry of a dual three-phase phase system was presented, which included both the asymmetry between two sets and asymmetry in each set. With different type of asymmetries, positive and negative sequence currents could be generated in z 1 z 2 subplane [26] . A combination of antisynchronous PI and synchronous PI could be a good alternative to achieve the optimal compensation of current unbalance in z 1 z 2 subplane [17] . However, the current harmonics in αβ subplane caused by asymmetry, which corresponds to current unbalance between phase windings in each set, are not considered, meanwhile it is only focused on six-phase induction machines.
In this paper, an improved VSD current control scheme for dual three-phase permanent magnet synchronous machines (PMSMs) accounting for the current unbalance and the fifth, seventh current harmonics is proposed. Compared with the method presented in [17] , the proposed method has considered the compensation of current unbalance in both z 1 z 2 subplane and αβ subplane, which correspond to the current unbalance between two sets and between phase windings in each set, respectively. In addition, the influence of the nonsinusoidal back electromotive force (EMF) of PMSM and inverter nonlinearity, which generates the fifth and seventh current harmonics, is also investigated in details. The current unbalance in z 1 z 2 subplane and the fifth and seventh current harmonics is simply compensated by extending the method presented in [17] to dual three-phase PMSM while the current unbalance in αβ subplane is compensated by a proposed second-order harmonic compensator. The effectiveness of proposed method is finally verified by a set of comparative experiments on a prototype dual three-phase PMSM, which shows that the proposed current control has excellent performance at the steady state of operation although the dynamic torque performance will be slightly influenced.
II. MATHEMATICAL MODEL OF DUAL
THREE-PHASE PMSM Generally, there are two types of mathematical model for dual three-phase motor. The first is the two-individual single three-phase model [3] , [4] , [20] , [21] , which treats dual three-phase motor as two single three-phase motors with coupling between two sets. The second is VSD model, which treats the dual three-phase motor as one unit with different harmonics in different subplanes [10] . The VSD model is prevailing because of its total decomposition, clear harmonics mapping, and easy to extend to multiphase motor system. According to VSD theory for dual three-phase motor, through matrix transformation, the variables in real frame are mapped to three orthogonal subplanes αβ, z 1 z 2 , o 1 o 2 and different harmonics are mapped to different subplanes [10] . The fundamental and (12k ± 1)th, k = 1, 2, 3… harmonics were projected to αβ subplane, the (6k ± 1)th, k = 1, 3, 5… harmonics, including fifth and seventh harmonics, were mapped to z 1 z 2 subplane, and the zero sequence current harmonics (3kth current harmonics, k = 0, 1, 2…) were mapped to o 1 o 2 subplane. The transformation can be described as follows:
where F is the voltage, current, or flux; a, b, and c are each phase of the first set of three-phase windings; and x, y, and z are the second set of three-phase windings. The matrix [T 6 ] can be expressed as (2) which is shown at the bottom of this page, where θ s = π/6. In the three subplanes, the αβ subplane is related with electromechanical energy conversion, the currents in z 1 z 2 subplane make no contribution for torque generation if the flux is sinusoidal, and there are no currents in o 1 o 2 subplane for three-phase system [10] .
After the variables in αβ subplane are obtained, by applying Park transformation (3), the synchronous mathematical model in dq frame can be obtained
Assuming that the induced back EMF is sinusoidal, eddy current and hysteresis losses, mutual leakage inductance, and saturation are neglected, two sets of windings are symmetric, the voltage equation in dq frame, z 1 z 2 subplane and o 1 o 2 subplane of the ideal dual three-phase PMSM can be expressed as (4)-(6), respectively, [27] 
where
where p is differential operator, R s is the stator winding resistance, L sl is the stator leakage inductance, L d and L q are 
III. PROPOSED CURRENT CONTROL SCHEME
In this section, the principle of current unbalance compensation will be firstly introduced, and then two major sources causing fifth and seventh current harmonics will be analyzed in details. Followed by the principle of fifth and seventh current harmonics compensation, an improved VSD current scheme accounting for current unbalance and fifth and seventh current harmonics will be proposed.
A. Current Unbalance Compensation
The asymmetry in dual three-phase driver system is inevitable because of the asymmetry between two sets of windings, asymmetry between windings in each set and asymmetry in power inverter. As reported in [17] , the unbalanced
currents can be expressed as a combination of positive and negative sequence currents, which are caused by different type of asymmetry [26] . When i d = 0 control strategy is employed, the unbalanced currents of each set can be expressed as (assuming no phase angle lead or lag between positive and negative sequence current for simplicity)
where coefficients k i , i = 1, 2, 3, 4, depend on the type of the asymmetry [17] . i αβ1 and i αβ2 are the currents of phase ABC and phase XYZ in αβ frame, respectively, θ is the rotor position.
The variables in z 1 z 2 subplane can be converted to a new frame, designated as dqz frame, by using the matrix conversion of [T dqz ]
where F is v, i, or ψ, which is corresponding with voltage, current, and stator flux, respectively. From (8) and (9), and inverse Clark transformation, the current of each phase can be obtained, then i z1 and i z2 can be calculated by (1) and expressed as (12) . It can be seen there are fundamental currents in z 1 z 2 subplane, which is in accordance with [18] 
After the transformation (11), i dz and i qz in dqz frame can be expressed as
It can be seen that negative and positive sequence currents in (12) are converted to dc currents and second-order harmonics in (13) in dqz frame, respectively. By eliminating the dc values and second-order current harmonics in dqz frame, the current unbalance in z 1 z 2 subplane can be eliminated. It is equivalent as the method presented in [17] , where combination of synchronous frame PI and antisynchronous frame PI were used to obtain full compensation of current unbalance in z 1 z 2 subplane.
If the current unbalance in z 1 z 2 subplane is eliminated, i dz and i qz will be zero. In this case, the following equation can be obtained from (13):
Equation (14) means the unbalance between two sets of three-phase windings is eliminated; two sets have same positive and same negative sequence currents. However, it does not mean k 2 and k 4 are zero. If k 2 and k 4 are nonzero, negative sequence currents will still exist in (8) and (9), which indicates the phase currents in each set are still unbalanced.
In [17] , the current unbalance in z 1 z 2 subplane was considered; however, the current unbalance in αβ subplane was not considered. When the currents are unbalanced, there will have positive and negative sequence currents in αβ subplane as well. From (8) and (9), and inverse Clark conversion, the current of each phase can be obtained, then i α and i β can be calculated by (1) and expressed as
Positive sequence
By applying (3) to (15), the dq-axis currents can be expressed as
From (16), it can be seen that when there are negative sequence currents in each set caused by asymmetry, secondorder current harmonics may exist in dq-axis currents (k 2 + k 4 = 0). If the second-order harmonics in dq frame are eliminated as well, which means
Combining (14) and (17) together, the following equations can be obtained:
In this case, i αβ1 in (8) will be equal to i αβ2 in (9), meanwhile, there are only positive sequence currents exist, which means the currents are totally balanced, viz., balance between two sets and between windings in each set.
The current unbalance in αβ subplane has significant influence on torque ripple. For example, the second-order torque ripple will be generated because of the interaction between the negative sequence currents and positive sequence fluxes in αβ subplane. If the current unbalance can be completely compensated, there are only positive sequence currents in αβ subplane. If the fluxes are unbalanced, there will have positive and negative sequence fluxes in αβ subplane, which have similar expression as (15) . The positive sequence currents in αβ subplane will interact with positive and negative sequence fluxes in αβ subplane and generate average torque and secondorder torque ripple. However, if the fluxes are balanced and the asymmetry is caused by resistor or inverter asymmetry, there are only positive sequence fluxes in αβ subplane. In this case, second-order torque ripple will not be generated. 
B. Fifth and Seventh Current Harmonics Compensation
In [17] , a sixth order resonant controller was employed to compensate fifth and seventh current harmonics caused by dead-time effect for asymmetric six-phase machine. However, for the dual three-phase PMSM, the fifth and seventh current harmonics are not only resulted from the inverter nonlinearity, but also from nonsinusoidal back EMF.
1) Due to Nonsinusoidal Back EMF:
There are fifth and seventh harmonics in the back EMF inevitably in reality [4] . The back EMFs of phase A and phase X of the prototype machine are shown in Fig. 3(a) ; line back EMFs of phase ABC are shown in Fig. 3(b) . From Fig. 3(b) , it can be seen that the line back EMF profiles are not pure sinusoidal, with abundant harmonics, being dominated by the fifth and seventh harmonics, as shown in Fig. 3(c) . After matrix transformation (2) and (11), the fifth, seventh flux harmonics are mapped to sixth flux harmonics ψ fdz and ψ fqz in dqz frame, Fig. 3(d) .
2) Due to Inverter Nonlinearity: According to [28] and [29] , the distorted phase voltage caused by inverter nonlinearity is related with the phase current direction, which can be simplified as
where phs stands for phase A, B, C, X, Y, or Z, V dead stands for the magnitude of distorted voltage caused by inverter nonlinearity. Assuming V dead is equal to 2 V, from the harmonics analysis of V A dead shown in Fig. 4(a) , it can be seen that abundant odd voltage harmonics exist in V A dead . Since the fundamental distorted voltages can be effectively compensated by PI controller and third voltage harmonics have no influence in the three-phase system, the fifth and seventh voltage harmonics will have dominant effect on current harmonics.
The distorted voltages for each single three-phase system in dq frame are shown in Fig. 4(b) when the i d = 0 control strategy is employed. DV d1 , DV q1 , DV d2 , and DV q2 are the distorted dq-axis voltages for phase ABC and XYZ, respectively. The abundant sixth voltage harmonics caused by inverter nonlinearity will cause sixth current harmonics in dq-axis currents of each single three-phase.
The distorted voltages in dq frame and dqz frame for dual three-phase system are shown in Fig. 4(c) . DV d and DV q are the distorted dq-axis voltages for dual three-phase system. It worth noting that there are no sixth voltage harmonics in DV d and DV q , while the 12th voltage harmonics are significant, which means it will cause 12th current harmonics in dq-axis currents for a dual three-phase system. DV dz and DV qz are the distorted voltages in dqz frame; the sixth voltage harmonics are dominant in dqz frame, Fig. 4(c) , which will generate corresponding current harmonics in dqz frame.
3) Principle of Fifth and Seventh Current Harmonics Compensation:
Considering the nonsinusoidal back EMF and inverter nonlinearity, fifth, seventh current harmonics in phase currents are inevitable, to reduce the current THD and increase efficiency, they should be eliminated.
Assuming the fifth and seventh harmonics in the phase current, voltage or flux can be expressed as ⎡
where θ 5 and θ 7 are the offset electrical angles of fifth and seventh harmonics, respectively, and F 5 and F 7 are the amplitudes of fifth and seventh harmonics, respectively. By converting the variables of each set shown in (20) to dq frame, respectively, the following relationship can be obtained:
where F d1 6th and F q1 6th are dq-axis sixth harmonics for phase ABC, F d2 6th and F q2 6th are dq-axis sixth harmonics for phase XYZ. Equation (21) means the fifth and seventh harmonics in real frame are converted to sixth harmonics in dq-axis for single three-phase ABC and XYZ, respectively, they have same amplitude, but antiphase. By applying matrix (2) to (20), the fifth and seventh harmonics will be projected to z 1 z 2 subplane, and then by applying (10) to variables in z 1 z 2 subplane, the fifth and seventh harmonics will be converted to sixth harmonics in dqz frame. It can be concluded that the sixth current harmonics 
From (22), it can be seen that by suppressing the sixth current harmonics in dqz frame, the sixth current harmonics in dq frame for each set can be suppressed simultaneously. Consequently, the fifth and seventh current harmonics in each phase can be suppressed simultaneously.
C. Proposed Current Control Scheme
The PI controller is incapable of eliminating ac errors because of its limited bandwidth. To eliminate ac errors in steady state operation, the PR control, which could track sinusoidal signal reference with zero error if the reference signal had a fixed frequency, was introduced in [30] [31] [32] . The modified PI control with resonant control (PI-R) was used widely in three-phase grid current control when the grid voltage was unbalanced or not sinusoidal [33] [34] [35] [36] [37] [38] [39] [40] . In this paper, the resonant control will be employed to eliminate current unbalance and fifth and seventh current harmonics.
The proposed current control scheme is shown in Fig. 5 . The i * dz and i * qz are assigned to zero aiming for current unbalance and fifth and seventh current harmonics compensation in z 1 z 2 subplane. Since there are no currents flowing in o 1 o 2 subplane, the voltages in o 1 o 2 subplane are assigned to zero. Compared with the conventional VSD current scheme [10] , current control in dqz frame is included, PI control is used to regulate the dc error, while the multifrequency resonant controls are used to eliminate second-order and sixth current harmonics in dqz frame. Unlike the method presented in [17] , which only considered the current unbalance in z 1 z 2 subplane for dual three-phase induction motor system, the proposed method considers the current unbalance in z 1 z 2 and αβ subplane for dual threephase PMSM simultaneously. The proposed resonant control is employed to eliminate the second-order current harmonics in dq frame caused by current unbalance.
It is worth noting that the practical resonant control is usually implemented by replacing the ideal integrator with an approximated low-pass filter transfer function [31] . The gains and cut frequency of low-pass filter are very important when considering the stability [31] . However, it is beyond the scope of this paper. For simplicity, the cut-frequency is chosen as 1/200 times of resonant frequency, and the integral gain of resonant control is set to be the same as the integral gain of PI control [17] .
By matrix (23) conversion, the output of current controllers for i dz , i qz are converted to U * z1 , U *
z2
T
After all the voltages of six-dimension
are obtained, the phase voltage references can be obtained by inverse [T 6 ] transformation (24) , then The conventional SVPWM strategy is applied for PWM generation
IV. EXPERIMENT
The hardware platform to evaluate the effectiveness of the proposed method is constructed based on dSPACE DS1005. The experimental setup is shown in Fig. 6 . The prototype dual three-phase PMSM is coupled with a permanent magnet dc motor, which is connected with an adjustable power resistor used as load. The dual three-phase driver is constructed by two single three-phase drives, which have same power inverter topology as Fig. 1 . The calculation rate of the current loop is configured to be 10 kHz, which is the same as the PWM frequency. The currents are sampled by DS2002 A/D board in dSPACE system, which has 16-bit resolution. The corresponding current sample resolution is 0.38 mA. The 2 μs dead-time is used to avoid short-circuit of power switching bridge. Two independent SVPWM modulators for each single three-phase are used for PWM generation. The design parameters of prototype dual three-phase PMSM are shown in Table I . The design principle of PI parameters is the same as that in [47] and the overall time delay including the PWM output delay, current sampling delay and processing delay, is approximately 1.5 times of PWM period. Thus, the optimized PI parameters can be derived by setting the damping factor to 0.707 and are listed in Table II .
A. Fifth and Seventh Current Harmonics Compensation
In this experiment, the driver works in constant current control mode without or with fifth and seventh current harmonics compensation, the i q reference is 1.5 A. The test results without compensation are shown in Fig. 7 . It can be seen that the current of phase A and X are not pure sinusoidal, Fig. 7(a) , and the fifth and seventh current harmonics are dominant. After i z1 , i z2 are transformed to i dz , i qz in Fig. 7(b) , obvious sixth harmonics can be found in i dz , i qz . It can also be seen that the dq-axis currents i d1 , i d2 in Fig. 7(c) and i q1 , i q2 in Fig. 7(d) for each set have sixth current harmonics, but they are antiphase, which is in accordance with (21) . Consequently, there is no sixth current harmonic in i d and i q for dual threephase system.
The test results with compensation are shown in Fig. 8 . The current profiles of phases A and X in Fig. 8(a) are more sinusoidal than that in Fig. 7(a) since the sixth current harmonics of i dz , i qz in Fig. 8(b) are eliminated. The sixth current harmonics in d−axis current i d1 and i d2 for each single three-phase in Fig. 8(c) are effectively suppressed compared with those in Fig. 7(c) . The sixth current harmonics in q−axis current i q1 and i q2 for each single three-phase in Fig. 8(d) are effectively suppressed compared with those in Fig. 7(d) .
It is worth noting that i d and i q in Fig. 8 are corresponding to the right y-axis of Fig. 8 the 12th voltage harmonics caused by inverter nonlinearity in d−axis is larger than that in q−axis, as shown in Fig. 4(c) .
B. Current Unbalance Compensation in Steady-State Operation
In this experiment, a 0.5 resistor is deliberately connected in series with phase A. The system works in constant current mode, the reference of i q is 1.5 A.
The measured phase current and i dz ,i qz of conventional VSD current control without current control in z 1 z 2 subplane are shown in Fig. 9(a) and (b) , respectively. Fig. 9(a) shows that i a and i x are seriously unbalanced. The i dz and i qz have obvious sixth current harmonics in Fig. 9(b) . From the harmonic analysis of i dz and i qz shown in the lower part of Fig. 9(b) , it can be seen that the sixth current harmonics, dc value and second-order current harmonics are dominant. The i d and i q current profiles and corresponding harmonic analysis are shown in Fig. 9(c) and (d) , respectively. It can been seen that there are second current harmonics in i d and i q , which is in accordance with (16) . The experimental results with PI-R (sixth) control in dqz frame are shown in Fig. 10 , which shows that the phase current profiles in Fig. 10(a) have been improved significantly compared with those in Fig. 9(a) . In addition, as can be seen from Fig. 10(b) , the dominant dc value and sixth current harmonic in i dz and i qz have been eliminated compared with those in Fig. 9(b) . Furthermore, it is also evident that the second current harmonics in Fig. 10(b) are suppressed greatly compared with that in Fig. 9(b) . However, from Fig. 10(b) , there are still residual second current harmonics in i dz and i qz while there are also residual second current harmonics in i d and i q , as shown in Fig. 10(c) and (d) .
To eliminate the second current harmonics in dqz frame, the PI-R (sixth) control in dqz frame with an additional secondorder resonant control in dqz frame is employed, which is equivalent as the method presented in [17] . As can be seen from the experimental results shown in Fig. 11 , it is evident that although the phase current profiles shown in Fig. 11(a) change insignificantly compared with those in Fig. 10(a) , the second current harmonics in i dz and i qz shown in Fig. 11 (b) have been eliminated effectively compared with those in Fig. 10(b) . However, there are still slight second current harmonics in i d and i q , as can be seen from Fig. 11(c) and (d) .
The measured phase currents with proposed method are shown in Fig. 12(a) and are very sinusoidal. The i dz , i qz and the corresponding harmonic analysis are shown in Fig. 12(b) , it can be seen that the dc value, the second current harmonics and sixth current harmonics are eliminated. Furthermore, from the i d and i q current profiles in Fig. 12(c) and corresponding harmonic analysis in Fig. 12(d) , it can be seen the second current harmonics in dq frame are eliminated effectively as well.
In some applications, the bandwidth of PI control may be relatively low due to the low PWM switching frequency [47] , especially in high-power applications. To extend the current unbalance compensation strategy in some applications with low bandwidth and to demonstrate a clearer effect of the proposed second-order current harmonic compensation in dq frame when the system is asymmetry, the experiment with reduced gains and lower bandwidth is conducted and shown in Figs. 12 and 13 . The PI-R gain values in dq frame are deliberately reduced to 1/10 of that shown in Table II , while the gain values in dqz frame remain the same.
The experimental results with PI-R (sixth and second) control in dqz frame and PI control in dq frame, which is equivalent to the method presented in [17] , are shown in Fig. 13. From Fig. 13(b) , it can be seen that the second current harmonics in dqz frame are eliminated, whereas the current unbalance in αβ subplane is still significant [ Fig. 13(a) ]. Consequently, there are still obvious second-order current harmonics in dq frame [ Fig. 13(c) and (d) ]. The experimental results with the proposed method including the compensation of second-order current harmonics in dq frame, are shown in Fig. 14 . It can be seen that the second current harmonics in dqz frame are eliminated, Fig. 14(b) , while the second- order current harmonics in dq frame are also eliminated as shown in Fig. 14(c) and (d) . Consequently, as can be seen from Fig. 14(a) , the currents in αβ subplane will be balanced.
Overall, the proposed current control could be regarded as a competitive alternative for the elimination of current balance of dual three-phase PMSM. Although the complexity of the current control is increased, this issue can be ignored in reality because of the fast development of microcontrollers.
C. Dynamical Performance Comparison
Although the proposed method can achieve fully balanced currents, the dynamic performance of drive system will be slightly affected by the extra second-order current harmonics compensation in dq frame. The step current response with or without second-order resonant control in dq frame is shown in Fig. 15 . The i q reference current is stepped from 1 to 1.5 A. It can be seen that the settling time with compensation is longer than that without compensation because the use of resonant controllers in dq frame will affect the decoupling control of the dq current.
V. CONCLUSION
This paper has proposed an improved VSD current control scheme for dual three-phase PMSMs having two sets of threephase windings spatially shifted by 30°electrical degrees. Compared with existing methods only accounting for current unbalance in z 1 z 2 subplane, the proposed method has taken into account the current unbalances in both z 1 z 2 and αβ subplanes and can eliminate them simultaneously at the steady state of operation. Consequently, the full compensation of current unbalance can be achieved, by which both the current unbalance between two sets and current unbalance between windings in each set are eliminated. Meanwhile, the fifth and seventh current harmonics caused by nonsinusoidal back EMF and inverter nonlinearity can also be fully compensated. The effectiveness of proposed method is verified by a set of comparative experiments on a prototype dual threephase PM machine system. It shows that completely balanced currents without the fifth and seventh current harmonics at the steady state of operation can be achieved. Since this research only investigates the steady state performance of current control, it will be full of a challenge to consider the improvement of the dynamic torque performance in our future research.
